Replication-dependent histone gene expression is a fundamental process occurring in S-phase under the control of the cyclin-E/CDK2 complex. This process is regulated by a number of proteins, including FliceAssociated Huge Protein (FLASH) (CASP8AP2), concentrated in specific nuclear organelles known as HLBs. FLASH regulates both histone gene transcription and mRNA maturation, and its downregulation in vitro results in the depletion of the histone pull and cell-cycle arrest in S-phase. Here we show that the transcription factor p73 binds to FLASH and is part of the complex that regulates histone gene transcription. Moreover, we created a novel gene trap to disrupt FLASH in mice, and we show that homozygous deletion of FLASH results in early embryonic lethality, owing to arrest of FLASH À/À embryos at the morula stage. These results indicate that FLASH is an essential, non-redundant regulator of histone transcription and cell cycle during embryogenesis.
Introduction
Cell-cycle-dependent activation of histone expression during S-phase is a fundamental process necessary for appropriate packaging of the newly transcribed DNA prior to the subsequent cellular division. Histone expression is therefore coupled to DNA synthesis and starts at the G 1 /S transition. This process is controlled by the cyclin-E/CDK2 complex through phosphorylation of p220
NPAT , a component of specific sub-nuclear organelles known as Histone Locus Bodies (HLBs). These organelles initially described in Drosophila (Liu et al., 2006; Matera, 2006 ) contain a number of proteins involved in the transcription of replication-dependent histone genes, in addition to a nuclear protein, ataxiatelengectasia locus (p220NPAT [NPAT] ) NPAT (Zhao et al., 2000; Wei et al., 2003) , including Hinf-P (Mitra et al., 2003; Miele et al., 2005) and Flice-Associated Huge Protein (FLASH) (Barcaroli et al., 2006a) . FLASH, also known as caspase-8-associated protein-2 (CASP8AP2), is a large nuclear protein potentially implicated in a number of cellular processes. We have shown previously that FLASH localizes into HLBs (Bongiorno-Borbone et al., 2008; Ghule et al., 2008) and is an essential structural component of these organelles as its downregulation results in HLB disruption and in the delocalization of their components (BongiornoBorbone et al., 2008 (BongiornoBorbone et al., , 2009 ). HLBs colocalize with Cajal bodies in a cell-cycle-dependent manner (BongiornoBorbone et al., 2008; Ghule et al., 2008) and FLASH downregulation also results in the disruption of Cajal bodies (Barcaroli et al., 2006b) . We have shown previously that FLASH is required for replicationdependent histone gene transcription (Barcaroli et al., 2006a) . Moreover, FLASH was shown recently to have an essential role for the 3 0 -end processing of histone premRNAs (Yang et al., 2009) . In vitro, downregulation of any of the proteins involved in controlling histone expression has resulted in altered progression through the cell cycle at the G 1 /S transition or within S-phase (Ma et al., 2000; Zhao, 2004; Miele et al., 2005; Barcaroli et al., 2006a; Bongiorno-Borbone et al., 2009) . Cell-cycle arrest is a direct consequence of reduced histone levels as sustaining histone synthesis through overexpression of Stem Loop Binding Protein (SLBP) prevents the block (Bongiorno-Borbone et al., 2009) . Finally, the importance of HLB components for normal progression through the cell cycle is underlined by the early embryonic lethality of homozygous disruption of Hinf-P (Xie et al., 2009 ) and NPAT (Di Fruscio et al., 1997) .
p73 is a member of a family of transcription factors that includes p53 and p63, and like the other members of the family, p73 regulates cell cycle and cell death in response to different stimuli (Levrero et al., 2000; Maisse et al., 2004; Melino et al., 2004; Munarriz et al., 2004; Ramadan et al., 2005) . The p73 protein contains four highly conserved functional domains: a transactivation domain (TA), a DNA-binding domain (DBD), an oligomerization domain and a protein interaction domain known as Sterile Alpha Motif. A number of different proteins are generated from the p73 gene both by alternative splicing and by usage of a second promoter (De Laurenzi et al., 1998; Melino et al., 2003) . Interestingly the use of the second promoter generates proteins (DN isoforms) that lack the N-terminal TA domain and show opposite functions to the full-length proteins (Grob et al., 2001; Melino et al., 2002) . Interestingly p73 has been shown to be important for genomic stability (Tomasini et al., 2008a (Tomasini et al., , b, 2009 Vernole et al., 2009) .
The data presented in this paper demonstrate that p73 binds to FLASH and cooperates with it in regulating replication-dependent histone gene transcription. Indeed downregulation of p73 results in reduced histone levels and in the consequent block in the S-phase of the cell cycle. In addition, we have investigated the role of FLASH in vivo by developing a knockout mouse model. FLASH starts to be expressed at the four-cell stage of embryo development, and that at this same time it is assembled into HLBs. At this stage in embryogenesis, there is the switch from maternal to embryonic control of gene expression. Most of the maternal transcripts, which are accumulated during oogenesis, are rapidly degraded after the first cell division. In the mouse, total mRNA levels decrease by 60% from metaphase-IIarrested oocytes to late one-cell embryos (Alizadeh et al., 2005) , and degradation of maternally stored RNAs reaches 90% at the two-cell stage (Paynton, 1998; Hamatani et al., 2004) . Between the two-cell and the four-cell stage, the embryo activates its genome for transcription thereby completing the maternal-tozygotic transition. At this stage, synthesis of histones from translation of inherited maternal mRNAs also ceases (Giebelhaus et al., 1983; Graves et al., 1985) and it is likely that de novo synthesis is required. Consistent with this notion, we demonstrated that homozygous deletion of FLASH results in lower levels of histone expression and early embryonic lethality in the mouse.
Results
To investigate the role of FLASH in vivo, we took advantage of a gene trap approach (Supplementary Figure S1A) . We obtained heterozygous mice from the Texas Institute for Genomic Medicine (TIGM) in which the FLASH allele has been disrupted by insertion of the Omnibank gene trap vector 48 into the FLASH first intron, upstream from exon-2 containing the ATG site. Additional details on the gene trap strategy can be found on the TIGM website.
Genotyping of mice after heterozygous breeding of FLASH þ /À mice shows that the targeted allele is normally inherited; however, whereas wild-type and FLASH þ /À heterozygous are found at a Mendelian ratio, no homozygous FLASH À/À were born from these crosses ( Figure 1a and Supplementary Figure S1B ). In addition, no FLASH À/À embryos were observed at the early stages of development (E13.5, E12.5, E8.5). In line with this finding, we observed a number of reabsorbed embryos in the uterus of pregnant females (Figure 1a ). This initial analysis suggested that FLASH knockout resulted in early embryonic defects. FLASH þ /À mice showed a normal phenotype and had a normal lifespan.
To further characterize the role of FLASH in early embryogenesis, we analyzed its expression in the preimplantation stages by collecting zygotes from FLASH wild-type female mice and culturing them in vitro at the indicated time points. Immunostaining of wild-type embryos developing in vitro from the stage of pronucleus to blastocyst showed that FLASH starts to be expressed at the stage of four cells and then continues to be expressed through the subsequent embryonic developmental stages in all cells (Figure 1b) . Already at the four-cell stage, FLASH staining shows the characteristic organization in nuclear organelles (Figure 1b ) that we and others have previously identified as HLBs (Bongiorno-Borbone et al., 2008; Ghule et al., 2008) . Typically, each cell contains two HLBs. To further confirm that these organelles are HLBs, we performed double labeling with FLASH and NPAT, another known marker of HLBs. Our results demonstrate that FLASH and NPAT start to be expressed at the same stage of development (four cells) and completely colocalize in HLBs at all development stages analyzed ( Figure 1b) .
Next, we cultured zygotes obtained from the mating of heterozygous FLASH þ /À mice and used immunofluorescence (IF) staining for FLASH to identify null embryos. Figure 2a shows that, if zygotes are grown in culture for 4.5 days no FLASH-null embryos are found, whereas 98% of the FLASH-positive embryos (wild type þ heterozygotes) normally progress to the stage of blastocyst. We therefore analyzed the cultures after 3.5 days from harvesting to better define the stage of developmental arrest of FLASH-null embryos. At this time point of in vitro culture, FLASH-negative embryos could be detected by IF (Figure 2b ). PCR analysis confirmed that embryos negative for FLASH staining were indeed FLASH À/À , whereas those that stained positively were either wild type or heterozygotes (Figure 2c ). The genotype distribution showed 17.5% FLASH À/À embryos instead of the expected Mendelian 25%, suggesting that some null embryos were lost at earlier time points in culture. Moreover, whereas 45.5% of the FLASH-positive embryos had already progressed to the blastocyst stage by 3.5 days of culture, none of the FLASH-null embryos reached this stage, demonstrating that FLASH deletion does not allow progression beyond the morula stage. In addition, Figure 2a shows that FLASH-null embryos are in general found at earlier stages of development as compared with FLASH-positive embryos after 3.5 days of culture.
Interestingly, double staining with FLASH and NPAT antibodies shows that in the absence of FLASH cells are also negative for NPAT (Figure 2b ). In order to investigate if this depends on abnormal production or increased degradation of NPAT in the absence of FLASH, or simply in the reduced ability to detect this protein by IF when diffused rather than concentrated in HLBs, we performed western blotting and reverse transcription-PCR (RT-PCR) analysis for NPAT in H1299 cells in which FLASH was downregulated by short-hairpin RNA. Our results show a decreased expression of both protein and mRNA levels of NPAT in cells treated with shFLASH as compared with the control (Figure 2d ). These results seem to rule out a simple scenario in which NPAT is dispersed in the nucleus and therefore is more difficult to detect, and suggest the possibility that FLASH directly controls NPAT transcription. However, further work is required to fully clarify the molecular mechanisms leading to NPAT downregulation.
As we and others have shown that FLASH is essential for histone transcription and mRNA maturation (Barcaroli et al., 2006a; Bongiorno-Borbone et al., 2009; Yang et al., 2009) , we investigated the effect of FLASH ablation on histone gene expression by RT-PCR in null embryos. Our results showed a decrease of histone-H4/d mRNA levels, used as marker of expression of histone clusters, in FLASH-null embryos as compared with wild type (Figure 3a ). These data confirm the role of FLASH in controlling histone levels and demonstrate that its loss results in a lethal early development defect.
Owing to the early lethality of the phenotype, it is impossible to recover enough material for additional studies on the underlying molecular mechanisms; we therefore chose to perform additional experiments by downregulating FLASH in cell lines by short-hairpin RNA. Downregulation of FLASH in H1299 cells results in reduced histone mRNA, in line with what observed in embryos ( Figure 3c ). Moreover, cells are blocked in the S-phase of the cell cycle ( Figure 3b ). The cell-cycle arrest explains the mouse phenotype, where cells can only undergo a limited number of divisions by using the maternal histone mRNA pool to synthesize histones and then stop dividing. To confirm that the cell-cycle arrest is a consequence of reduced histone synthesis, we overexpressed SLBP in cells in which we silenced FLASH in order to stabilize histone mRNA and observed a rescue of the phenotype (Figures 3b and c) .
In an yeast two-hybrid screening, we also identified the transcription factor p73 as a protein interactor of Figure 1 (a) Number of pups and embryos derived from heterozygous FLASH þ /À crosses with the indicated genotypes at different stages of development and the number of reabsorbed embryos (NA, not applicable). A representative uterus, collected from a heterozygous breeding, is shown containing four embryos and five reabsorbed sites (left). A wild-type embryo and a reabsorbed embryo collected at day 13.5 from the same uterus are shown (right). Whereas genotype was confirmed for all normally developed embryos, this was not possible for residual reabsorbed embryos. (b) FLASH and NPAT expression pattern in early embryonic development. IF of wild-type zygotes grown in vitro for the indicated time periods of development and stained with anti-FLASH antibody (red) and anti-NPAT antibody (green), and with the Hoechst-33342 dye to highlight the nucleus, Scale bar: 20 mm. FLASH and NPAT begin to be expressed at the stage of four cells and then continue to be expressed through the subsequent stages of embryonic development in all cells. Figure 4a shows that FLASH and p73 can be co-immunoprecipitated, confirming the interaction between the two proteins. Moreover, the interaction requires the C-terminal part of FLASH, in fact, as shown in Figure 4b . p73 co-immunoprecipitates with a construct containing amino acids 1553-1962 of FLASH (FLASH-DD) but not with a construct containing the first 986 amino acids (FLASH-NT). Similarly, the interaction requires the C-terminal part of p73, and no interaction is found with the DBD of p73 (Figure 4b ) or with the b-and d isoforms that have a truncated C-terminus (Figure 4a ). Unexpectedly, an interaction is still found on the g-isoform despite this isoform having a different C-terminus owing to a frameshift. Altogether, these data suggested that p73 could be part of the complex that regulates histone gene transcription. Chromatin immunoprecipitation experiments confirm that indeed p73 can be found at histone gene promoters (Figure 4c ).
FLASH KO results in embryonic lethality
Interestingly, downregulation of TA-p73 results in a downregulation of histone gene expression (Figure 4e ) similar to the one observed when FLASH is downregulated. Interestingly also, downregulation of p73 results in a block in the S-phase of the cell cycle (Figure 4d ). This effect is not restricted to a specific cell line, but is evident in all cell lines tested (Supplementary Figure S2) . Moreover, similarly to what we observed with FLASH silencing, overexpression of SLBP rescues the S-phase block induced by p73 downregulation (Supplementary Figure S3A) . Altogether, these data show that p73 is part of the complex that regulates histone gene transcription in the S-phase and is essential for its function. We also investigated the possibility that FLASH contributes to p73 transcriptional activity by performing luciferase activity on two p73-responsive promoters. Our data show that FLASH does not activate either promoter (Supplementary Figure S3B) . At this stage we cannot exclude that FLASH can (c) Extracts from HEK-293 cells were subjected to chromatin immunoprecipitation as described under Materials and methods using an antibody against tubulin (1) or against p73 (2), and then PCR was performed using primers for the following histone promoters: H2B/r, H2B/h, H3/c and H4/e. M indicates the molecular weight marker. (d) Cell-cycle distribution of H1299 cells transfected either with an empty vector (pSUPER scrambled) or a plasmid for downregulation of p73 (shp73), with or without a plasmid for downregulation of FLASH by short-hairpin RNA (shFLASH). The percentage of cells in G 1 (black), S (white) and G 2 /M (gray) is reported. (e) Real-time PCR of RNA extracted from H1299 cells transfected as described above, using primers for FLASH, TA-p73, histone-H3 (H3) and histone-H4 (H4).
A De Cola et al been shown recently that Hinf-P knockout results in peri-implantation embryonic lethality paralleled by a reduced expression of histone gene mRNAs (Xie et al., 2009 ). Here we show that FLASH starts to be expressed and assembled into HLBs during development at the four-cell stage and is then expressed in all cells after that. At this stage of development, histone gene transcription from the embryonic genome is known to start (Giebelhaus et al., 1983; Graves et al., 1985) . We also observed that NPAT expression has an identical pattern during development, suggesting that, at the stage of four cells, complete HLBs are already formed. Consistent with the expression pattern, FLASH-null embryos showed delayed maturation and never progressed beyond the morula stage. We believe that, while the inherited maternal pool of histones allows a certain number of divisions, when this pool is exhausted cells can no longer divide. This is supported by the finding that histone mRNA levels are reduced in FLASH À/À morulas, and is consistent with our in vitro data showing that silencing of FLASH results in reduced histone levels and consequent cell-cycle arrest in S-phase (Barcaroli et al., 2006a; Bongiorno-Borbone et al., 2009) . These data are also in line with other reports showing that knockdown of other HLB components results in early embryonic lethality (Di Fruscio et al., 1997; Xie et al., 2009 ).
Finally we identify p73 as another component of the complex that regulates histone gene transcription in the S-phase. p73 binds to FLASH and can be found together with FLASH at histone gene promoters and contributes to their transcription. This is a novel and important function of p73, a gene already known for its ability to regulate the cell cycle; indeed its induction results in G 1 block and in cell differentiation. We, however, show here that some p73 (and/or potentially one of its homologs) is required for a correct progression of cells through the S-phase of the cell cycle, as its downregulation results in altered histone transcription and cell-cycle arrest.
This function of HLBs is not only relevant during development, where we clearly show that it is essential, but very likely has a role in response to DNA damage as well. Indeed, we have shown recently that UV induces FLASH degradation, HLB disruption and cell-cycle arrest of cells in the S-phase (Bongiorno-Borbone et al., 2009). We believe this is an important control mechanism to prevent damaged cells from progressing to mitosis. The role of p73 in controlling the cell cycle in response to DNA damage is well known, and in particular it is well documented that upregulation of the TA-p73 protein results in a G 1 block in a pathway similar and parallel to p53. The findings reported here show that p73 also has a functional role in the S-phase, and therefore it is plausible to suspect that it might be involved in the DNA-damage response also of cells in this phase of the cell cycle. Moreover, it is reasonable to speculate that FLASH might exert part of its effects on the cell cycle through the regulation of known p73-responsive genes. While our preliminary data reported here seem to suggest that FLASH does not affect transcription from some known p73-responsive promoters, more work is required to fully elucidate this possibility and to clarify the complex interactions between these two proteins in response to damage in the different phases of the cell cycle.
Altogether, our data confirm the importance of a tight control of histone gene expression both during early embryogenesis and in adult life, and the fact that this fundamental process is controlled in cells by a multiprotein complex containing in part non-redundant proteins.
Materials and methods

Construction of FLASH heterozygous mice and characterization
A mouse line was generated by microinjection of an embryonic stem (ES) cell clone into host blastocysts by using standard methods (Joyner, 2000) . The gene-trapped ES cell clone SGT207T1 (129/SvEvBrd strain) was chosen for microinjection based on the confirmation of intronic insertion by the cloning of genomic insertion sites by inverse PCR (Silver and Keerikatte, 1989) . The chimeric mice were bred to C57BL/6J albino mice to obtain the germ line. All mice analyzed were of a mixed genetic background (129/SvEvBrd and C57BL/6J). More information on the gene trap strategies can be obtained from the TIGM website (http://www.tigm.org/). The mice were characterized by PCR analysis of genomic tail DNA by using the following primers on opposite sides of the insertion site of the trapping vector to detect the wildtype allele: TG0064-5 0 5 0 -tggctctgttaggttcctcatctatt-3 0 and TG0064-3 0 5 0 -caaatctcactctaggttctgagg-3 0 . The mutant locus was detected by using the same forward primer TG0064-5
0 -tggctctgttaggttcctcatctatt-3 0 and the following LTR reverse primer: 5 0 -ataaaccctcttgcagttgcatc-3 0 to amplify a mutationspecific product that contained 96 nucleotides of the vector sequence. The PCR was performed by using the two reverse primers and the forward primer in the same PCR.
Oocyte collection and in vitro culture FLASH heterozygous, 8-week-old, female mice were first injected with 5 IU of PMSG (pregnant mare serum gonadotropin) (Intervet, Milton Keynes, UK) and after 48 h with 5 IU of human choriogonadotropin (Intervet), and crossed with FLASH þ /À ± male mice. The zygotes were collected (Hogan et al., 1994) about 15 h after human choriogonadotropin injection; freed from cumulus cells by a brief incubation in 0.5 mg/ml hyaluronidase (Sigma, St Louis, MO, USA) in M2 culture medium (Chemicon, Millipore, Billerica, MA, USA); washed with M2 medium and then, groups of about 20 one-cell embryos were transferred to 50-ml drops of K-SOM culture medium (Chemicon, Millipore) under mineral oil (Sigma). Two-cell embryos were recovered from the oviducts 24 h after plug detection, washed in M2 medium and cultured in K-SOM. The embryos were cultured at 37 1C under a humidified atmosphere of 5% CO 2 in air and processed at the indicated time points.
Immunofluorescence IF was performed as described previously . Briefly, oocytes and embryos were fixed in 4% (wt/vol) paraformaldehyde in phosphate-buffered saline for 10 min. After fixation they were permeabilized in M2 medium supplemented with 0.2% Triton X-100 for 10 min and then incubated for 1 h in 3% goat serum-M2 medium. After blocking, they were incubated for 1 h with the rabbit anti-FLASH antibody SL1133 (1:3000 dilution) generated in our laboratory and the mouse anti-NPAT antibody 611344 (1:100) (BD Transduction Laboratories, San Jose, CA, USA) in M2 medium supplemented with 1% goat serum. The oocytes and embryos were subsequently washed in M2 for three times and incubated for 1 h with the following secondary antibodies: goat anti-rabbitAlexa-568 and goat anti-mouse-Alexa-488 (1:1000) (Molecular Probes, Eugene, OR, USA) in M2 medium. Then, embryos were washed twice and incubated in M2 medium supplemented with the Hoechst-33342 dye (1:100). After three washes, the oocytes and embryos were mounted on microscope slides in M2 medium.
Confocal imaging was performed by using a 480-nm ion argon laser and a 542-nm helium-neon laser connected to a Nikon C1 microscope (Nikon, Tokyo, Japan) with a Â 60 numerical aperture 1.4 lens and analyzed with the EZC1 software from Nikon.
Histone mRNA evaluation Total RNA was isolated from 3.5 day post coitum (dpc) embryos obtained from crosses between FLASH þ /À mice. Each embryo was incubated in 2 ml of lysis buffer (5 mM dithiothreitol, 0.8% Igepal, RNase OUT and phosphatebuffered saline) overnight at À20 1C. The day after, the purified RNA was reverse-transcribed using random hexamer primers (Superscript III Reverse Transcriptase; Invitrogen, Grand Island, NY, USA) and gene expression was assessed by RT-PCR by using the following primers: Histh4d A 5 0 -tgagcttccttcctagtttgc-3 0 and Histh4d B 5 0 -gcttagcaccaccct tacca-3 0 . All transcript levels were normalized to mouse actin mRNA by using the following primers: mActin forward 5 0 -tgtccctgtatgcctctggtcg-3 0 and reverse 5 0 -gaaccgctcgttgccaa tagtg-3 0 .
Cell cultures and transfections
Human primary dermal fibroblast (H1299), human colon carcinoma (HCT-116) and human embryonic kidney-293 (HEK-293) cell lines were grown in Dulbecco's modified Eagle's medium with high glucose (GibcoBRL, Gaithersburg, MD, USA). The cell lines were grown at 37 1C in a humidified atmosphere of 5% (v/v) CO 2 in air. All media were supplemented with 10% (v/v) fetal bovine serum (GibcoBRL). When indicated, cells were transiently transfected with 12 mg/ 100-mm dish of the appropriate plasmid DNA by using the Lipofectamine LTX reagent (Invitrogen) according to the manufacturer's instructions. HEK-293 cells were transiently transfected with 5 mg/100-mm dish of the appropriate plasmid DNA by using the same reagent according to the manufacturer's instructions.
Plasmids
Hemagglutinin (HA)-FLASH was cloned as described previously, in-frame with the HA tag into pcDNA by using the NheI and XhoI unique restriction sites (Barcaroli et al., 2006b) .The pSUPER-FLASH-1 (shFLASH) and pSUPER scrambled vectors were generated by inserting in the pSUPER vector (OligoEngine, Seattle, WA, USA) oligos targeting the following sequences: FLASH-1, 5 0 -gattgtctgagtttccaca-3 0 (this sequence is 100% identical both in human and mouse FLASH) and scrambled, 5 0 -aattctccgaacgtgtcacgt-3 0 (Barcaroli et al., 2006b ). pcDNA3-HASLBP was provided by Dr Peter D Adams (Hall et al., 2001) . FLASH deletion mutants were generated by PCR and cloned into pcDNAFlag by using NheI and NotI unique restriction sites. The primers used for amplification were as follows: for FLASH-DD (amino acids 1553-1962) 5 0 -GGAAAGGAACTG-3 0 sense primer and 5 0 -TT ATCTGCATTT-3 0 antisense primer; and for FLASH-NT (amino acids 1-986) 5 0 -atggcagcagat-3 0 sense primer and 5 0 -tctt ttcctactg-3 0 antisense primer. p73 deletion mutants were generated by PCR and cloned into pcDNA-HA using NheI and NotI unique sites. The primers used for amplification were as follows: for p73 DBD (1-319), 5 0 -ATGGCCCAGTCCACC-3 0 sense primer and 5 0 -TCAGGAGCTCTCGTT-3 0 antisense primer; and for p73CT (318-444), 5 0 -ATGAGCTCCGCCAAGAAC-3 0 sense primer and 5 0 -TCAGTGGATCTCG-3 0 antisense primer. The pSUPER-p73 and pSUPER scrambled vectors were generated by inserting in the pSUPER vector (OligoEngine) oligos targeting the following sequences: p73 5 0 -cgggatgctcaa caaccat-3 0 ; scrambled, 5 0 -aattctccgaacgtgtcacgt-3 0 .
Cell-cycle detection Cell cycle was analyzed by flow-cytometric evaluation of DNA content by the Nicoletti method (Nicoletti et al., 1991) . Cells were collected by trypsinization, pelleted at 800 g for 10 min and resuspended in phosphate-buffered saline then fixed in cold ethanol and stored at À20 1C. The cells were then pelleted at 800 g for 10 min and incubated in 50 ml of RNasi (30 kU/ml). The DNA content was evaluated by flow cytometry using propidium iodide staining (2 mg/ml) for 20 min. Twenty thousand events were evaluated by using the Cell Quest (BD, Franklin Lakes, NJ, USA) and Modfit LT (Verity Software; BD) programs. The cells were transfected with a 10:1 ratio of pSUPER-FLASH-1, pcDNA-HA SLBP, pSUPERshp73 or pSUPER scrambled together with a pGFP Spectrin vector. The cells were gated for expression of green fluorescent protein (GFP) to allow analysis only of transfected cells, and 20 000 events were evaluated by using the Cell Quest program (BD) and the ModFit LT software (Verity Software; BD).
Quantitative real-time, one-step RT-PCR RNA was extracted from H1299 cells by using the RNAeasy kit (Qiagen, Milan, Italy) . A total of 500 ng of RNA was used for reverse transcription by using the ImPromII kit (Promega, Madison, WI, USA) and one-tenth of the reaction was used for PCR. Real-time PCR was performed by using the Platinum SYBR Green qPCR SuperMix UDG with Rox (Invitrogen), with an amplification program as follows: one cycle of 95 1C for 3 min, and 40 cycles of 95 1C for 20 s and 60 1C for 1 min. The reaction was followed by a melting curve protocol according to the specification of the ABI 7500 instrument (Applied Biosystems, Foster City, CA, USA). The primers used were as follows: histone-H3/c (AF531276), forward 5 0 -agctcgcaagtctaccggcg-3 0 , reverse 5 0 -cgtttagcgtgaatagcgca-3 0 ; histone-H4/k (NM_003546), forward 5 0 -caaagttctgcgcgacaaca-3 0 , reverse 5 0 -gccgccaaagccatacaggg-3 0 . Quantitative RT-PCR for FLASH was performed by using the following primers: FLASH fw: 5 0 -cacagaatggcaactggtgaaac-3 0 and FLASH rev: 5 0 -tacactggaacttgaggtgggc-3 0 ; TA-p73 fw: 5 0 -ccacgtttgagcacctc tgg-3 0 and rev: 5 0 -ctggtcagcagattgaactgg-3 0 ; NPAT fw: 5 0 -acaga taacaaccctacggagcc-3 0 and rev: 5 0 -caaagagtgcctgaaatgctgg-3 0 . Human b-actin was used as the housekeeping gene for quantity normalization, and the primers used were ActF 5 0 -gtt gctatccaggctgtgcta-3 0 and ActR 5 0 -aatgtcacgcacgatttcccgc-3 0 . Relative quantification of gene expression was calculated according to the 2ÀDDC T method described in ABI User Bulletin no. 2 (updated on October 2001) and the RQ software version 1.3 of Applied Biosystems.
Whole-cell lysate preparation and western blotting In brief, enzymatically detached cells were pelleted and resuspended in lysis (high-salt extraction) buffer (50 mM Tris-HCl (pH 7.5), 250 mM NaCl, 0.1% Triton X-100, 50 mM NaF, 1 mM EDTA) containing a protease and phosphatase inhibitor cocktail (Sigma) at 4 1C. After 30 min of solubilization by rocking at 4 1C, the lysed cells were centrifuged at 13 000 g for 20 min at 4 1C to precipitate cellular debris. Western blots were performed as described previously using the following antibodies: the rabbit anti-FLASH antibody SL1133 generated in our laboratory, anti-NPAT antibody 611344 (BD Transduction Laboratories) and anti b-actin A5441 (Sigma).
Immunoprecipitation HEK-293 cells were transiently transfected with the different combination constructs for p73 and FLASH described above and harvested 48 h after transfection (Gottifredi et al., 1999) . Nuclear extracts were prepared by using the Cell Lytic Nuclear Extraction kit (Sigma). Immunoprecipitation was performed as described previously, incubating 3 mg of nuclear extracts with an anti-GFP or anti-Flag antibody . Membranes were probed with the anti-GFP or antiFlag antibody.
Chromatin immunoprecipitation
Chromatin immunoprecipitation was performed on HEK-293 cells as described previously (Barcaroli et al., 2006a) using the anti-p73 antibody generated in our laboratory , or by using an unrelated, anti-b-tubulin antibody for the immunoprecipitation step.
DNA samples were then analyzed by 35 cycles of PCR to amplify the indicated histone promoter sequences. The primers used were as follows: histone-4/e (Zhao et al., 2000) : 5 0 -gcggg acttcccgccgacttcttc-3 0 , 5 0 -gcagtactttacggtggcgcttagc-3 0 ; histone-2B/r (Zhao et al., 2000) : 5 0 -ggatttgcgaatcctgattgggca-3 0 , 5 0 -agca ctgtgtagctataaagcgcc-3 0 ; histone-3c: 5 0 -gagtctgaacgtttctggtg-3 0 , 5 0 -ccgccggtagacttgcgagct-3; histone-2B/h: 5 0 -actagaaacataatatc cgt-3 0 , 5 0 -cttcttggagcccttcttcgg-3 0 .
Luciferase assay H1299 cells were transfected in 12-well plates with 750 ng per well of the HA-FLASH or HA-p73, or the pSUPER scrambled, vector together with 250 ng per well of a construct containing the luciferase gene under the control of the BAX or GADD45 promoter and a Renilla luciferase reporter (10 ng per well). Thirty hours later, luciferase activity was quantified by using a commercially available kit (Dual-Glo-Luciferase Reporter Assay System; Promega) by using a Lumat LB 9507 luminometer.
